Background {#Sec1}
==========

Despite the advance of modern chemotherapy, the prognosis of patients with acute myeloid leukemia (AML) has remained poor and little progress has been made that improves long term outcome of these patients. For more than four decades since the combination of an anthracycline and cytarabine was first used for induction therapy, the "3 + 7" regimen has remained the standard therapy for AML. The long term disease-free survival of AML patients under age 60 remains around 40% \[[@CR1]\], with minimal improvement over the past several decades, suggesting that the gains from conventional chemotherapy may have been maximized. New approaches are, therefore, needed if further improvement in the outcome for AML patients is desired.

AML is a clonal malignancy associated with a wide-spectrum of genetic alterations. In addition to well-described chromosomal abnormalities, a multitude of mutations occur and they contribute to AML pathogenesis, either due to their effects of tumor suppressor genes or as drivers of intracellular oncologic signaling pathways or modifiers of epigenetics. The magnitude and frequency of these abnormalities, and their pathologic implications, were not fully appreciated until the last decade as novel techniques for the analysis of whole genome sequencing have become available.

The molecular events associated with AML have long been used to predict prognosis \[[@CR2]\]. With an expanding understanding of the molecular genetic alterations underlying AML pathogenesis, recent efforts have concentrated on specific targeting of intracellular events driven by these abnormal proteins. Molecular targeting is a particularly attractive therapeutic approach for several reasons. First, the therapeutic efficacy of molecular targeting may complement the benefits provided by conventional chemotherapy. Second, the approach may be more specific to each patient's molecular landscape and minimize systemic toxicity. Third, it may offer an increased likelihood of eradication of the malignant clones that drive the disease and often being responsible for disease relapse.

Here we will review the intracellular mechanisms and pathways that provide the platforms for molecular targeting in AML. Specifically, we will discuss therapies targeting FMS-like tyrosine kinase 3 (FLT3) and pathways associated with DNA methyltransferase (DNMT)3A, ten-eleven-translocation (TET)2, and IDH (isocitrate dehydrogenase) 1/2. We will also summarize the current status of utilizing histone deacetylase (HDAC), bromodomain and extra terminal (BET), and disruptor of telomeric silencing 1-like (DOT1L) inhibitors in AML. Finally, we will discuss the role of therapies targeting the anti-apoptotic protein, BCL (B-cell lymphoma)-2, as it has recently been shown that IDH1/2 mutation status may identify patients who are most likely to respond to therapeutic inhibition of BCL-2 \[[@CR3]\]. Since molecular therapy of the promyelocytic leukemia-retinoic acid receptor alpha (PML-RARα) in acute promyelocytic leukemia (APL) is well-established, we will limit our review to novel agents for non-APL AML. This review is not meant to be an exhaustive discussion of all emerging agents. Instead we will summarize the results of some of the clinical studies carried out so far.

Main text {#Sec2}
=========

Targeting FLT3 signaling pathway {#Sec3}
--------------------------------

### FLT3 mutations {#Sec4}

FLT3 is a surface receptor that consists of an extracellular ligand-binding domain, a transmembrane domain, a juxtamembrane domain, and two tyrosine kinase domains. Engagement of the wildtype receptor with the FLT3 ligand triggers a cascade of downstream events that signal cell proliferation \[[@CR4], [@CR5]\]. This is achieved first through autophosphorylation of the tyrosine residues on the receptor and then by the consequent phosphorylation and activation of the RAS, Src/JAK (Janus kinase), and PI3K pathways (Fig. [1](#Fig1){ref-type="fig"}). High levels of the downstream effector of the RAS pathway, ETS2, have recently been found to predict for poorer prognosis \[[@CR6]\].Fig. 1FLT3 kinase signaling pathway and sites blocked by FLT3 inhibitors. Sorafenib and quizartinib inhibit only FLT3--ITD mutations, while midostaurin, crenolanib, and gilteritinib inhibit both FLT3--ITD and FLT3 TKD mutations

Mutations of the FLT3 receptor occur in nearly one-third of patients with AML and are one of the most frequent mutations encountered in this disease \[[@CR7]\]. The mutations occur either as internal tandem duplications (FLT3/ITD mutations) in or near the juxtamembrane domain, or as point mutations that result in single amino acid substitutions within the activation loop of the tyrosine kinase domain (FLT3/TKD mutations). FLT3/ITD mutations occur in 24% \[[@CR8]\] and FLT3/TKD mutations in 7% of AML \[[@CR9]\]. Patients with FLT3/ITD mutations typically have high white cell counts at disease presentation and have normal or intermediate risk karyotypes. Although the likelihood of attaining a complete remission (CR) of the disease is similar to other AML patients, the duration of remission is usually short and the relapse rate high. FLT3/TKD mutations tend to confer slightly better prognosis. Interestingly, FLT3 phosphorylation has also been observed in a large proportion of AML patients, even in the absence of FLT3 mutations \[[@CR9], [@CR10]\].

FLT3 mutations result in a constitutively active kinase \[[@CR10]\]. It addition to mediating the intracellular signaling events observed when wild type FLT3 receptor interacts with its ligand, FLT3/ITD activates the Stat 5 pathway \[[@CR11]--[@CR14]\] and upregulates the serine threonine kinase, Pim-1/2 \[[@CR13], [@CR15]\]. Both these processes promote leukemia cell proliferation and mediate anti-apoptotic effects. FLT3/ITD mutations also promote genomic instability by inducing the production of reactive oxygen species (ROS) that enhance DNA double-strand breaks and repair errors \[[@CR16]\].

### FLT3 inhibitors for AML {#Sec5}

Based on the frequent occurrence of FLT3 mutations and the poor clinical outcome in patients harboring the mutations, molecular targeting of FLT3 kinase is an attractive therapeutic option for AML. Since the identification of FLT3 mutations, several molecular agents have been developed to target the FLT3 kinase. These include sorafenib and quizartinib that inhibit FLT3/ITD mutant receptor and midostaurin, crenolanib, and gilteritinib that inhibit both FLT3/ITD and FLT3/TKD mutant receptors (Fig. [1](#Fig1){ref-type="fig"}). Most of these agents are multi-kinase inhibitors.

#### Sorafenib {#Sec6}

Sorafenib has been used off-label in the treatment of relapsed/refractory AML. It is an oral agent that is 1000--3000 times more potent in inducing growth inhibition and apoptosis in AML cells that harbor FLT3/ITD or D835G mutations than in those that harbor D385Y mutation or wildtype FLT3 kinase \[[@CR17]\]. It is a multi-kinase inhibitor that also has activity against KIT, vascular endothelial growth factor receptor (VEGFR), and platelet-derived growth factor receptor (PDGFR). In a phase I study, 16 patients with relapsed/refractory AML were randomly assigned to receive sorafenib in 21-day cycles of 5 days per week (n = 7 patients) or of 14 days (n = 9 patients). In both arms, the starting dose level was 200 mg twice daily. Subsequent dose levels were 600, 800, and 1200 mg daily in cohorts of three subjects at each dose level. Leukemic burden was reduced in patients with FLT3/ITD mutations but not those without the mutations \[[@CR17]\].

Early successes with sorafenib were observed in patients with relapsed/refractory FLT3--ITD positive AML before and in those whose disease relapsed following allogeneic stem cell transplant (SCT) \[[@CR18]\]. In this report, six patients received sorafenib on compassionate use. The initial dose was 400 mg twice a day and the dose was adjusted in case of cytopenia, suspected toxicity, or resistance. All three patients whose disease relapsed following allogeneic SCT attained CR. Another three patients who had refractory AML achieved CR, facilitating allogeneic SCT in two of the three patients. Since then, two phase I studies have been carried out using sorafenib as maintenance therapy following allogeneic SCT for AML with the FLT3--ITD mutation \[[@CR19], [@CR20]\]. Sorafenib was found to be well-tolerated and produced very favorable progression-free survival at 1 year.

Sorafenib has also been studied in combination with chemotherapy for AML patients. When sorafenib (400 mg twice a day) was used in a phase II study with azacytidine (75 mg/m^2^/day × 7 days) in 43 patients with relapsed/refractory AML (40 with FLT3--ITD mutations) \[[@CR21]\], an overall response rate (ORR) of 46% was observed. In a phase I/II study of idarubicin (12 mg/m^2^/day × 3) and cytarabine (1.5 g/m^2^/day × 4) induction chemotherapy with sorafenib (400 mg twice a day) as frontline therapy for younger AML patients \[[@CR22]\] the CR rate was 75%. With a median follow-up of 54 weeks, the probability of survival at 1 year was 74%. Three subsequent studies have also involved a combination of patients with and without FLT3 mutations. A phase II randomized placebo-controlled study of sorafenib (400 mg twice a day) with daunorubicin (60 mg/m^2^/day × 3) and cytarabine (100 mg/m^2^/day × 7) found that, although CR rates were comparable (60% vs 59%) and adverse events were higher in those who received sorafenib, the median event-free survival (EFS) was significantly longer in the sorafenib arm (21 months vs 9 months) \[[@CR23]\]. However, such survival benefit was not observed when a similar regimen was used in elderly AML patients \[[@CR24]\], or when sorafenib was used in combination with low-dose cytarabine \[[@CR25]\].

The clinical results described above suggest that sorafenib might be effective in reducing leukemic burden and improving progression-free survival (PFS) for patients with relapsed/refractory AML with FLT3--ITD mutations, and may also have a role in combination with chemotherapy in certain patient populations. Further investigation is needed to define the role of sorafenib as frontline therapy, in combination with chemotherapy, for AML with FLT3 mutations, although with the recent Food and Drug Administration (FDA) approval of midostaurin, there may not be as much interest in investigating sorafenib. Since sorafenib is a multi-kinase inhibitor, its role in AML without FLT3 mutations would also be of great interest.

#### Midostaurin {#Sec7}

Midostaurin is another oral multi-kinase inhibitor, with activity against not only FLT3 kinase, but also KIT, VEGFR, PDGFR, and protein kinase C. It is currently the only FLT3 inhibitor that is approved by the FDA for use in AML. When used with azacytidine in a phase I/II study for patients with relapsed/refractory AML \[[@CR26]\], an ORR of 26% was obtained. The ORR was 33% in those with FLT3--ITD mutations.

In a phase IIb study of midostaurin monotherapy for relapsed/refractory AML assigning patients to either 50 or 100 mg twice a day, an ORR of 71% in the 35 patients with FLT3--ITD mutation and 42% in those without the mutation \[[@CR27]\]. A higher midostaurin dose did not improve the outcome. Grade 3/4 non-hematological toxicities included infections, reduction in the ventricular ejection fraction, and diarrhea or nausea/vomiting. A phase Ib study combined midostaurin with daunorubicin (60 mg/m^2^/day × 3) and cytarabine (200 mg/m^2^/day × 7) induction therapy for younger patients with newly diagnosed AML \[[@CR28]\]. The initial dose of midostaurin in this study was 100 mg twice a day but the dose had to be reduced to 50 mg twice a day due to toxicities. The combination produced a high CR rate and overall survival (OS). Based on this phase Ib study, a large phase III randomized placebo-controlled RATIFY trial was carried out. In this phase III study, midostaurin (50 mg twice a day) was used in combination with the "3 + 7" regimen as upfront therapy for young AML patients with FLT3 mutations (either ITD or TKD) \[[@CR29]\]. Although the CR rates were comparable, patients in the midostaurin arm demonstrated a longer median disease-free survival (DFS) (26.7 months vs 15.5 months) and OS (74.7 months vs 25.6 months). The improved survival benefits were observed even in the patients who subsequently underwent allogeneic SCT, without increased adverse reactions.

The clinical results described above suggest that the addition of midostaurin to the standard "3 + 7" induction regimen as first line therapy might be beneficial for younger AML patients with FLT3 mutations. Since midostaurin is a multi-kinase inhibitor, it would also be interesting to determine its role in combination of chemotherapy for AML without FLT3 mutations.

#### Quizartinib {#Sec8}

Quizartinib is an oral kinase inhibitor that is highly selective for FLT3. In a phase I dose escalation study (from 12 to 450 mg/day) in 76 patients with relapsed/refractory AML \[[@CR30]\], quizartinib produced an ORR of 17%, but 53% in those with FLT3--ITD mutations. The most common drug-related adverse events were nausea, prolonged QT interval, vomiting, and dysgeusia, most were Grade 2 or lower. Subsequent phase II studies of quizartinib monotherapy in similar groups of patients with FLT3--ITD mutations \[[@CR31], [@CR32]\] yielded CR rates of 44--54% and ORRs of 61--72%. These results are extremely compelling, although the duration of remissions in all the cases were short, with the median remission of only 3 months, suggesting the frequent development of resistance to quizartinib. Up to 22% of patients treated with FLT3 inhibitors developed a TKD mutation during FLT3 inhibitor therapy \[[@CR33]\].

Quizartinib has also been used in combination with azacytidine or low dose cytarabine in a phase I/II study for relapsed/refractory AML \[[@CR34]\]. Among the patients with FLT3--ITD mutations, ORR was high at 73%. Quizartinib has also been used in AML patients with FLT3--ITD mutations whose disease relapsed following allogeneic SCT \[[@CR35]\]. The median survival was much improved, compared to historical controls.

Future studies may involve comparing quizartinib with midostaurin to determine if the outcome benefits of midostaurin could be attained with less side effects using a more selective FLT3 inhibitor like quizartinib.

#### Gilteritinib {#Sec9}

Gilteritinib is a potent FLT3/AXL inhibitor that shows activities against both FLT3--ITD and FLT3--TKD mutants. In the large phase I/II dose-escalation, dose-expansion Chrysalis trial of gilteritinib monotherapy for relapsed/refractory AML \[[@CR36]\], 252 patients, 77% of them with confirmed FLT3 mutations, were assigned to one of seven dose-escalation (20--450 mg/day) cohorts or dose-expansion cohorts. The ORR was 49% in those with FLT3 mutations, but only 12% in those without the mutations. The ORR was higher, at 52%, in those who received ≥80 mg/day of the inhibitor. In this group of patients, the median OS was 31 weeks and the median duration of response was 20 weeks. Gilteritinib was generally well tolerated, with diarrhea and fatigue being the most common adverse reactions.

Preclinical data of gilteritinib combined with azacytidine in AML cells harboring FLT3--ITD mutations showed that the kinase inhibitor augment the apoptosis induced by azacytidine \[[@CR37]\], providing the rationale for testing of this combination in the clinic.

#### Crenolanib {#Sec10}

Crenolanib is a selective FLT3 inhibitor that is active against both ITD and TKD mutations. It is also uniquely active against leukemic clones that have developed quizartinib resistance \[[@CR38]\]. In an open-label phase II study in relapsed/refractory AML with a FLT3 mutation \[[@CR39]\]. The ORR was 62% in patients who were FLT3 inhibitor-naïve and 38% in those with a prior history of FLT3 inhibitor therapy. Gastrointestinal toxicity and transaminitis were the most common adverse reactions observed in this study.

Crenolanib has also been used in combination with standard chemotherapy. In a phase II study of idarubicin (12 mg/m^2^/day × 3) and high dose cytarabine (1.5 g/m^2^/day × 4) plus escalating doses of crenolanib (60--100 mg three times a day) in relapsed/refractory AML patients with FLT3 mutations \[[@CR40]\], four of the six patients who had failed ≤2 lines of therapy attained CR of their disease. In contrast, none of the five patients who had failed three or more lines of therapy achieved CR.

When crenolanib (100 mg three times a day) was used in combination with the "3 + 7" regimen for newly diagnosed AML patients with FLT3 mutations \[[@CR41]\], the overall CR rate was 96%. With a median follow up of 6.2 months, disease relapse was observed in only three of 24 patients.

#### Ongoing clinical trials utilizing FLT3 inhibitors in AML {#Sec11}

Based on the availability of an increasing number of FLT3 inhibitors and the encouraging early clinical results obtained using these small molecules, there are currently many clinical trials ongoing internationally to determine the precise role of these inhibitors in the management of AML. A selection of these clinical trials is summarized in Table [1](#Tab1){ref-type="table"}.Table 1A selection of active studies evaluating FLT3 inhibitors in AMLProtocol titleNCT identifierAgent: sorafenib Phase I/II study of combination of sorafenib, vorinostat, and bortezomib for the treatment of acute myeloid leukemia with complex- or poor-risk (monosomy 5/7) cytogenetics or FLT3--ITD positive genotype (Sponsors: Millennium Pharmaceuticals, Inc., Bayer, and Merck Sharp & Dohme Corp.)NCT01534260 A pilot study of sorafenib in patients with acute myeloid leukemia as peri-transplant remission maintenance (Sponsor: National Cancer Institute)NCT01578109 Phase I study of the combination of bortezomib and sorafenib followed by decitabine in patients with acute myeloid leukemia (Sponsor: National Cancer Institute)NCT01861314Agent: midostaurin An open-labeled, multi-center, expanded treatment protocol (ETP) of midostaurin (PKC412) in patients 18 years of age or older with newly-diagnosed FLT3-mutated acute myeloid leukemia (AML) who are eligible for standard induction and consolidation chemotherapy (Sponsor: Novartis Pharmaceuticals)NCT03114228 A phase II, randomized trial of standard of care, with or without midostaurin to prevent relapse following allogeneic hematopoietic stem cell transplantation in patients with FLT3--ITD mutated acute myeloid leukemia (Sponsor: Novartis Pharmaceuticals)NCT01883362 A randomized phase II/III trial of "Novel Therapeutics" versus azacitidine in newly diagnosed patients with acute myeloid leukemia (AML) or high-risk myelodysplastic syndrome (MDS), age 60 or older LEAP: Intergroup less-intense AML platform trial (Sponsor: National Cancer Institute)NCT03092674Agent: quizartinib A phase 3 open-label randomized study of quizartinib (AC220) monotherapy versus salvage chemotherapy in subjects with tyrosine kinase 3---internal tandem duplication (FLT3--ITD) positive acute myeloid leukemia (AML) refractory to or relapsed after first-line treatment with or without hematopoietic stem cell transplantation (HSCT) consolidation (Sponsor: Daiichi Sankyo Inc.)NCT02039726 A phase 3, double-blind, placebo-controlled study of quizartinib (AC220) administered in combination with induction and consolidation chemotherapy, and administered as maintenance therapy in subjects 18--75 years old with newly diagnosed FLT3--ITD (+) acute myeloid leukemia (Sponsor: Daiichi Sankyo Inc.)NCT02668653 A phase II single-arm open-labeled study evaluating combination of quizartinib and omacetaxine mepesuccinate (QUIZOM) in newly diagnosed or relapsed/refractory AML carrying FLT3--ITD (Sponsor: The University of Hong Kong)NCT03135054Agent: gilteritinib A multi-center, randomized, double-blind, placebo-controlled phase III trial of the FLT3 inhibitor gilteritinib administered as maintenance therapy following allogeneic transplant for patients with FLT3/ITD AML (Sponsor: Astellas Pharma Global Development, Inc.)NCT02997202 A phase 3 multicenter, randomized, double-blind, placebo-controlled trial of the FLT3 inhibitor gilteritinib (ASP2215) administered as maintenance therapy following induction/consolidation therapy for subjects with FLT3/ITD AML in first complete remission (Sponsor: Astellas Pharma Global Development, Inc.)NCT02927262 A phase 2/3 multicenter, open-label, 3-arm, 2-stage randomized study of ASP2215 (gilteritinib), combination of ASP2215 plus azacitidine and azacitidine alone in the treatment of newly diagnosed acute myeloid leukemia with FLT3 mutation in patients not eligible for intensive induction chemotherapy (Sponsor: Astellas Pharma Global Development, Inc.)NCT02752035Agent: crenolanib Pilot study of crenolanib combined with standard salvage chemotherapy in subjects with relapsed/refractory acute myeloid leukemia (Sponsor: Arog Pharmaceuticals, Inc.)NCT02626338 A phase II study of crenolanib besylate maintenance following allogeneic stem cell transplantation in patients with FLT3-positive acute myeloid leukemia (Sponsor: Arog Pharmaceuticals, Inc.)NCT02400255 Phase I--II study of crenolanib combined with standard salvage chemotherapy, and crenolanib combined With 5-azacitidine in acute myeloid leukemia patients with FLT3 activating mutations (Sponsor: Arog Pharmaceuticals, Inc.)NCT02400281Agent: others First in man study to evaluate the safety, tolerability and preliminary efficacy of the Fc-optimized FLT3 antibody FLYSYN for the treatment of acute myeloid leukemia patients with minimal residual disease (Sponsor: University Hospital Tuebingen)NCT02789254 Phase I open-label, sequential dose escalation study investigating the safety, tolerability, pharmacokinetics, and pharmacodynamics of SKLB1028 when administered daily to patients with relapsed or refractory acute myeloid leukemia (Sponsor: CSPC ZhongQi Pharmaceutical Technology Co., Ltd)NCT02859948 A first-in-human phase 1/2a study to assess the safety, tolerability, efficacy, and pharmacokinetics of FF-10101-01 in subjects with relapsed or refractory acute myeloid leukemia (Sponsor: Fujifilm Pharmaceuticals U.S.A., Inc.)NCT03194685

Targeting epigenetics {#Sec12}
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### Epigenetics in AML {#Sec13}

Epigenetics refers to the study of mechanisms underlying stable and ideally heritable changes in gene expression or cellular phenotype without changes in the underlying DNA sequences. Various laboratory studies have implicated dysregulation of epigenetic mechanisms in the pathogenesis of AML. In addition, many of the mutations that occur in AML are localized to genes involved in transcriptional regulation \[[@CR42]\]. Changes in the genome-wide pattern of methylation are also known to be epigenetic modifiers \[[@CR43]\]. Depending on the specific type and site of methylation, the effects on gene expression can differ significantly.

### Epigenetic mechanisms {#Sec14}

Transcriptional regulation is accomplished through a network of molecular mechanisms (Fig. [2](#Fig2){ref-type="fig"}). These include histone acetylation, histone methylation, DNA methylation, and DNA hydroxymethylation. Here, we will limit our discussion to the mechanisms relevant to epigenetic targeting using the currently available small molecules.Fig. 2Epigenetic mechanisms of gene regulation through histone acetylation and histone and DNA methylation by various epigenetic modifiers. These epigenetic mechanisms can be blocked by inhibitors at various specified sites

#### Histone acetylation and methylation {#Sec15}

The first step of gene transcription involves acetylation of the histone tails, causing a change in the chromatin conformation so that the distance between DNA and histone is increased, rendering the DNA more accessible to transcription factors. In contrast, deacetylation induces the opposite effects. Acetylation is catalyzed by histone lysine acetyltransferases (KATs) and deacetylation by HDACs. The acetylated lysine residues are then recognized by bromodomain-containing reader proteins such as the BET proteins \[[@CR44]\]. BET proteins include BRD2, BRD3, BRD4, and BRDt.

Transcriptional activation is further modified by histone lysine methylation. Histone lysine methylation is mediated by lysine methyltransferases (KMTs). Histone methylation modulates the affinity of the reader proteins to the histone. Unlike acetylation, histone methylation either activates or represses gene transcription. Molecular abnormalities of the mixed-lineage leukemia (MLL) protein occur recurrently in AML \[[@CR45]\]. MLL potentially has more than 70 fusion partners. The MLL protein upregulates Hox expression and results in a block of hematopoietic differentiation \[[@CR46]\]. The abnormal fusion proteins arise due to gene translocation or duplication. The abnormal MLL arising from translocation also frequently contains the DOT1L protein \[[@CR47]\], a KMT targeting H3K79.

Histone methylation is further modulated by lysine demethylases (KDMs). Lysine-specific histone demethylase 1A (LSD1) is one of the KDMs and has specificity for H3K4 and H3K9. It can function either as a transcriptional activator or repressor.

#### DNA methylation and hydroxymethylation {#Sec16}

DNA methylation is catalyzed by DNMTs and converts cytosine residues to 5-methylcytosine. This reaction usually occurs at the CpG islands within the gene and/or at its distant enhancer. DNA methylation usually results in silencing of the specific gene. Mutations in DNMT3A gene occur in more than 20% of AML patients \[[@CR48]\]. The frequency increases with age and is associated with poorer clinical outcome.

DNA hydroxymethylation occurs as an intermediary step in the demethylation pathway, oxidizing 5-methylcytosine to 5-hydroxymethylcytosine. This process is catalyzed by TET2 which is mutated in up to 20% of AML cases \[[@CR43]\]. DNA hydroxymethylation is dependent on α-ketoglutarate; its conversion from isocitrate is mediated by IDH1 and IDH2. Mutations of IDH1 and IDH2 result in the production of 2-hydroxyglutarate that competitively inhibit TET2 activity \[[@CR49]\].

### Epigenetic modifiers for AML {#Sec17}

Based on the major role epigenetics plays in the disease process, targeting epigenetic modifiers represents an attractive option for treating AML (Fig. [2](#Fig2){ref-type="fig"}).

#### Histone deacetylase (HDAC) inhibitors {#Sec18}

Since HDAC expression is often dysregulated in AML cells \[[@CR42]\], targeting HDAC using specific inhibitors has been attempted. However, the clinical response of AML to HDAC inhibitor monotherapy has so far been uniformly disappointing \[[@CR50], [@CR51]\], but when combined with chemotherapy, improved response rates were observed. In a phase I study of vorinostat (400 mg/day) used either sequentially or concurrently with decitabine (20 mg/m^2^/day × 5) \[[@CR52]\], 2 of 13 AML patients with relapsed/refractory disease treated concurrently attained complete remission but none of the 15 patients treated on the sequentially protocol responded.

A phase II study randomized 149 patients with AML or myelodysplastic syndrome, most treatment-naïve, to receive either azacytidine (50 mg/m^2^/day × 10) monotherapy or azacytidine with entinostat (4 mg/m^2^/day days 3 and 10) \[[@CR53]\]. Unfortunately, the addition of entinostat did not improve the hematologic response rate. In contrast, when pracinostat was combined with azacytidine in a phase II study for older AML patients \[[@CR54]\], the combination produced a CR and CR with incomplete hematologic recovery (CRi) rate of 42 and 4% respectively. A phase Ib/II study of azacytidine (75 mg/m^2^/day × 5) combined with escalating doses of panobinostat (10--40 mg/day) in intensive chemotherapy-naïve AML and myelodysplastic syndrome (MDS) patients also produced an ORR of 31% for AML and 50% for MDS \[[@CR55]\].

HDAC inhibitors have also been used with intensive combination chemotherapy in newly diagnosed AML. A phase Ib/II study combined panobinostat with intensive induction chemotherapy for older patients with newly diagnosed AML \[[@CR56]\]. In this study, patients received the standard idarubicin (8 mg/m^2^/day × 3) and cytarabine (100 mg/m^2^/day × 7) regimen plus panobinostat at escalating doses (10--40 mg/day). Patients who attained CR received a consolidation cycle with the same combination, followed by panobinostat maintenance until progression. CR was observed in 64% of the patients, with a time to relapse of 17 months.

When vorinostat was used in combination with idarubicin and cytarabine as induction therapy for AML patients 65 years or younger \[[@CR57]\], the ORR was 85% in the group and 100% in those with FLT3--ITD mutations. However, when the identical regimen was used in a phase III randomized study of idarubicin and cytarabine with or without vorinostat \[[@CR58]\], no significant clinical benefits were observed in the vorinostat arm.

Based on these results, it is expected that any role HDAC inhibitor may have in the future development of therapeutics for AML will involve combination with chemotherapy.

#### BET inhibitors {#Sec19}

BET proteins are crucial in regulating gene transcription and they do so through epigenetic interactions between bromodomains and acetylated histones during cellular proliferation and differentiation processes. BET inhibition has been shown to repress the transcriptional network driven by c-myc \[[@CR59]\]. So far, there has only been one reported study of a BET inhibitor for patients with AML. In a phase I dose-escalation study of monotherapy with the bromodomain OTX015 in adult acute leukemia patients (36 with AML) who had failed or were unable to receive standard induction chemotherapy \[[@CR60]\], three patients attained a CR or CRi and two other patients had partial blast clearance. Diarrhea and fatigue were common adverse reactions, and two of the patients developed hyperbilirubinemia.

#### DOT1L inhibitors {#Sec20}

The DOT1L inhibitor, pinometostat, has shown activity in animal models of acute leukemia \[[@CR61]\]. It also increased the in vitro sensitivity of MLL-rearranged AML to chemotherapy \[[@CR62]\]. In a phase I study of pinometostat monotherapy in patients with relapsed/refractory acute leukemia \[[@CR63]\], clinical response was observed in six of the 49 patients, with two patients attaining CR, one PR, and three resolution of leukemia cutis. Adverse events included nausea, constipation, vomiting, abdominal pain, diarrhea, hypocalcemia, hypokalemia, hypomagnesemia, fatigue, fever, peripheral edema, mucositis, febrile neutropenia, leukocytosis, anemia, cough, dyspnea, and pneumonia. Interestingly, nine patients showed evidence of differentiation syndrome.

#### LSD1 inhibitors {#Sec21}

Leukemia cells, including those with complex cytogenetics have so far been consistently demonstrated in vitro to be highly sensitive to LSD1 inhibitors \[[@CR64]--[@CR67]\]. The LSD1 inhibitor T-3775440 has been shown to disrupt the transcription factor, growth factor-independent 1B (GFI1B) complex and impede leukemia cell growth \[[@CR65]\]. The LSD1 inhibitors NCD25 and NCD38 hindered the oncogenic potentials of leukemia cell lines \[[@CR67]\]. Although human studies are ongoing, no clinical results are currently available.

#### DNMT inhibitors {#Sec22}

Azacytidine and decitabine are two DNMT inhibitors that have been used alone or in combination with low dose cytarabine for treating AML in patients who are not suitable candidates for intensive induction chemotherapy. They both produced CR and CRi rates around 20% \[[@CR68]--[@CR71]\]. Since the DNMT inhibitors azacytidine and decitabine have already been used in the clinic extensively to treat AML and MDS, we will limit our discussion of DNMT inhibitors in the review to the second generation DNMT inhibitor, guadecitabine.

Guadecitabine is also known as SGI-110 and is a novel hypomethylating dinucleotide of decitabine and deoxyguanosine. Unlike azacytidine and decitabine, it is resistant to degradation by cytidine deaminase. A phase I multicenter, dose-escalation randomized study assigned 35 patients with AML and nine patients with myelodysplastic syndrome (MDS) in the daily ×5 dose-escalation cohorts, 28 patients with AML and six patients with MDS in the once-weekly dose-escalation cohorts, and 11 patients with AML and four patients with MDS in the twice-weekly dose-escalation cohorts \[[@CR72]\]. Six of the 74 patients with AML and six of the 19 patients with MDS had a clinical response to treatment. The most common Grade 3 or higher adverse events were febrile neutropenia, pneumonia, thrombocytopenia, anemia, and sepsis.

#### IDH inhibitors {#Sec23}

IDH1 and IDH2 mutations occur in around 5--10 and 10--15% of adult AML respectively \[[@CR73]\]. Interestingly, IDH mutations predict for response to therapeutic BCL-2 inhibition \[[@CR3]\]. Several IDH inhibitors are currently being investigated clinically. IDH305 suppresses mutant IDH1-dependent 2-hydroxyglutarate production and was tested as monotherapy in a phase I study that included 21 patients with relapsed/refractory AML \[[@CR74]\]. CR was observed in 2, CRi 1, and PR 4 patients. Another phase I study used a different IDH1 inhibitor, AG-120, as monotherapy in 78 patients with mutant IDH1, 63 of these patients had relapsed/refractory AML \[[@CR75]\]. ORR was observed in 38% and CR 18%. The median duration of response was 10.2 months for all responders and 6.5 months for the R/R AML responding patients. The majority of adverse events observed in these two studies were Grade 1/2, including diarrhea, fatigue, nausea, fever, and IDH inhibitor-associated differentiation syndrome.

Enasidenib is an IDH2 inhibitor. In a multicenter phase I/II study of 239 patients \[[@CR76]\], ORR of 40.3% was observed among the 176 patients evaluable for efficacy when it was given as monotherapy, with a median duration of response of 5.8 months. The median OS among the relapsed/refractory patients was 9.3 months, and for the 34 patients (19.3%) who attained CR was 19.7 months. Grade 3/4 enasidenib-related adverse events included indirect hyperbilirubinemia (12%) and IDH inhibitor-associated differentiation syndrome (7%), which is characterized by fever, edema, hypotension, malaise, and pleural and/or pericardial effusions, in addition to marked neutrophil-predominant leukocytosis.

#### Ongoing clinical trials utilizing epigenetic modifiers in AML {#Sec24}

Based on the availability of an increasing number of epigenetic modifiers and the encouraging early clinical results obtained using these small molecules, there are currently many clinical trials ongoing internationally to determine the precise role of these inhibitors in the management of AML. A selection of these clinical trials is summarized in Table [2](#Tab2){ref-type="table"}.Table 2A selection of active studies evaluating epigenetic modifiers in AMLProtocol titleNCT identifierAgent: HDAC inhibitors A phase 2 study of temozolomide plus vorinostat in patients with relapse/refractory acute myeloid leukemia (AML) (Sponsor: Stanford University)NCT01550224 Phase I/II study with oral panobinostat maintenance therapy following allogeneic stem cell transplantation in patients with high risk MDS or AML (PANOBEST) (Sponsor: Johann Wolfgang Goethe University Hospital)NCT01451268 A phase 1 study of AZD1775 in combination with belinostat in relapsed and refractory myeloid malignancies and selected untreated patients with acute myeloid leukemia (Sponsor: National Cancer Institute)NCT02381548 A phase I and dose expansion cohort study of panobinostat in combination with fludarabine and cytarabine in pediatric patients with refractory or relapsed acute myeloid leukemia or myelodysplastic syndrome (Sponsor: St. Jude Children's Research Hospital)NCT02676323Agent: BET inhibitors A phase 1/2, open-label, dose-escalation, safety and tolerability study of INCB054329 in subjects with advanced malignancies (Sponsor: Incyte Corporation)NCT02431260 A phase I/II open-label, dose escalation study to investigate the safety, pharmacokinetics, pharmacodynamics and clinical activity of GSK525762 in subjects with relapsed, refractory hematologic malignancies (Sponsor: GlaxoSmithKline)NCT01943851 A phase 1 dose escalation, multicenter, open-label, safety, pharmacokinetic and pharmacodynamic study of FT-1101 in patients with relapsed or refractory hematologic malignancies (Sponsor: Forma Therapeutics, Inc.)NCT02543879 A dose escalation study of RO6870810/TEN-010 in patients with acute myeloid leukemia and myelodysplastic syndrome (Sponsor: Hoffmann-La Roche)NCT02308761 A phase 1/2, open-label, dose-escalation, safety and tolerability study of INCB054329 in subjects with advanced malignancies (Sponsor: Incyte Corporation)NCT02431260Agent: LSD1 inhibitors A phase 1/2, open-label, dose-escalation/dose-expansion, safety and tolerability study of INCB059872 in subjects with advanced malignancies (Sponsor: Incyte Corporation)NCT02712905 A phase I open-label, dose escalation study to investigate the safety, pharmacokinetics, pharmacodynamics and clinical activity of GSK2879552 given orally in subjects with relapsed/refractory acute myeloid leukemia (Sponsor: GlaxoSmithKline)NCT02177812 A multi-center, open label study to assess the safety, steady-state pharmacokinetics and pharmacodynamics of IMG-7289 with and without ATRA (Tretinoin) in patients with advanced myeloid malignancies (Sponsor: Imago BioSciences, Inc.)NCT02842827Agent: guadecitabine A phase 3, multicenter, randomized, open-label study of guadecitabine (SGI-110) versus treatment choice in adults with previously treated acute myeloid leukemia (Sponsor: Astex Pharmaceuticals)NCT02920008 A phase 3, multicenter, open-label, randomized study of SGI-110 versus treatment choice (TC) in adults with previously untreated acute myeloid leukemia (AML) who are not considered candidates for intensive remission induction chemotherapy (Sponsor: Astex Pharmaceuticals)NCT02348489 A phase Ib study evaluating the safety and pharmacology of atezolizumab (Anti-PD-L1 Antibody) administered in combination with immunomodulatory agents in patients with acute myeloid leukemia (Sponsor: Hoffmann-La Roche)NCT02892318Agent: IDH inhibitors An open-label, non-randomized, multicenter phase I study to determine the maximum tolerated and/or recommended phase II dose of oral mutant IDH1 (mIDH1) inhibitor BAY1436032 and to characterize its safety, tolerability, pharmacokinetics, pharmacodynamics, and preliminary clinical efficacy in patients with mIDH1-R132X advanced acute myeloid leukemia (AML) (Sponsor: Bayer)NCT03127735 A phase 1, multicenter, open-label, safety study of AG-120 or AG-221 in combination with induction therapy and consolidation therapy in patients with newly diagnosed acute myeloid leukemia with an IDH1 and/or IDH2 mutation (Sponsor: Agios Pharmaceuticals, Inc.)NCT02632708 A phase 3, multicenter, double-blind, randomized, placebo-controlled study of AG-120 in combination with azacitidine in subjects ≥18 years of age with previously untreated acute myeloid leukemia with an IDH1 mutation (Sponsor: Agios Pharmaceuticals, Inc.)NCT03173248 A phase 1/1b, multicenter, open-label, dose-escalation study of FT-2102 as a single agent and in combination with azacitidine in patients with acute myeloid leukemia or myelodysplastic syndrome with an IDH1 mutation (Sponsor: Forma Therapeutics, Inc.)NCT02719574

Targeting BCL-2 and JAK/STAT pathway {#Sec25}
------------------------------------

BCL-2 is an anti-apoptotic protein that has been demonstrated to induce chemoresistance, and overexpression has been implicated in AML \[[@CR77]\] (Fig. [3](#Fig3){ref-type="fig"}). Venetoclax is an oral BCL-2 inhibitor currently being investigated for AML. It appears to be particularly effective in patients with IDH1/2 mutations \[[@CR3]\]. When used as monotherapy in a phase II study of patients with relapsed/refractory AML \[[@CR78]\], 19% overall response rate was observed, with another 19% showing antileukemic activity not meeting the IWG criteria for response. Three of the twelve patients with IDH1/2 mutations achieved CR or CRi. Common adverse events included nausea, diarrhea and vomiting, and febrile neutropenia and hypokalemia (Grade 3/4). Hox expression also predicts response to venetoclax \[[@CR79]\].Fig. 3BCL-2 and JAK/STAT pathways showing how BCL-2 inhibitors affect leukemia cell apoptosis and JAK/STAT inhibitors affect the proliferation of leukemia cells

In two phase I studies of venetoclax combined with low dose chemotherapy for chemotherapy-naïve AML patients aged 65 years or older, high response rates were obtained. In the study that combined venetoclax with either azacytidine or decitabine \[[@CR80]\], responses were obtained in 26 (76%) of the 34 evaluable patients, with 13 CR and 11 CRi. Eleven patients had IDH1/2 mutations, of whom nine (82%) responded. In a trial that combined venetoclax with low dose cytarabine \[[@CR81]\], a 44% ORR was observed in the 18 patients treated, with four patients attaining CR and another four CRi.

Targeting the JAK/STAT pathway is another molecular therapeutic option since JAK mutation has been implicated in some patients with AML \[[@CR82]\]. In a phase I/II study of pacritinib, a JAK/STAT inhibitor, in patients with advanced myeloid malignancies \[[@CR83]\], three of the seven patients treated for AML were reported to show clinical benefits. Pacritinib was well tolerated and the most frequent adverse reactions were diarrhea, nausea, vomiting, and fatigue, most were Grade 1/2, with Grade 3 side effects reported in 22.6%, four of whom had diarrhea. Being an inhibitor of the JAK/STAT pathway, pacritinib may also be effective in AML with FLT3 mutations. Further investigations are, therefore, merited.

### Ongoing clinical trials targeting BCL-2 and JAK/STAT pathway in AML {#Sec26}

There are currently many clinical trials ongoing internationally to determine the precise role of these inhibitors in the management of AML. A selection of these clinical trials is summarized in Table [3](#Tab3){ref-type="table"}.Table 3A selection of active studies evaluating BCL-2 and JAK/STAT inhibitors in AMLProtocol titleNCT identifierAgent: BCL-2 inhibitors Phase I dose-escalation study of the orally administered selective Bcl-2 Inhibitor S 055746 as monotherapy for the treatment of patients with acute myeloid leukaemia (AML) or high or very high risk myelodysplastic syndrome (MDS) (Sponsor: Institut de Recherches Internationales Servier)NCT02920541 A phase 2a, open-label, dose-escalation study evaluating the safety, pharmacokinetics, pharmacodynamics, and clinical effects of intravenously administered nerofe in subjects with acute myelogenous leukemia or myelodysplastic syndrome (Sponsor: Immune System Key Ltd)NCT03059615 A phase 1b study evaluating the safety, pharmacokinetics and efficacy of venetoclax as a single-agent and in combination with azacitidine in subjects with higher-risk myelodysplastic syndromes after hypomethylating agent-failure (Sponsor: AbbVie)NCT02966782 A phase I and expansion cohort study of venetoclax in combination with chemotherapy in pediatric patients with refractory or relapsed acute myeloid leukemia (Sponsor: St. Jude Children's Research Hospital)NCT03194932 A randomized, double-blind, placebo controlled study of venetoclax co-administered with low dose cytarabine versus low dose cytarabine in treatment naïve patients with acute myeloid leukemia who are ineligible for intensive chemotherapy (Sponsor: AbbVie)NCT03069352 A randomized, double-blind, placebo controlled phase 3 study of venetoclax in combination with azacitidine versus azacitidine in treatment naïve subjects with acute myeloid leukemia who are ineligible for standard induction therapy (Sponsor: AbbVie)NCT02993523 A phase 1b study of ABT-199 (GDC-0199) in combination with azacitidine or decitabine in treatment-naive subjects with acute myelogenous leukemia who are ≥60 years of age and who are not eligible for standard induction therapy (Sponsor: AbbVie)NCT02203773Agent: JAK/STAT inhibitors Induction therapy with pacritinib combined with decitabine or cytarabine in older patients with acute myeloid leukemia (AML) (Sponsor: Weill Medical College of Cornell University)NCT02532010 Phase I study of pacritinib and chemotherapy in patients with acute myeloid leukemia and FLT3 mutations (Sponsor: Ohio State University Comprehensive Cancer Center)NCT02323607

Conclusions {#Sec27}
===========

The lack of improvement in the outcome of AML with standard chemotherapeutic agents suggests the need to explore other therapeutic approaches. Molecular targeting holds great promise. The molecular mechanisms most intensely targeted are the FLT3 signaling pathway, epigenetics, and the BCL-2 and JAK/STAT pathways. The inhibitors discussed in this review have all shown significant activity against AML. However, there remain many questions to be answered before these agents can provide the next leap in the prognosis of AML patients. These questions include what the exact role these compounds should be in clinical practice, whether they should be used in combination with chemotherapy, the timing of the targeted therapy, and the role of maintenance therapy following either consolidation therapy or allogeneic SCT. Furthermore, the multiple co-active intracellular pathways and the genomic instability in AML provide the opportunity for the AML cells to develop additional mutations, rendering them resistant to the inhibitors. The heterogeneity of the disease among AML patients is also another potential obstacle. With advances in the understanding of the molecular events associated with AML and the inclusion of genome-wide sequencing in the routine investigations in AML patients, it is likely that personalized medicine will herald a new era in AML therapy. This is especially so with the increasing number of compound being made available. Not only will these compounds be routinely combined with conventional chemotherapy during induction or consolidation therapy, sequential application of different molecular inhibitors may also be used in individual AML patients, according to changes in the genomic landscape of the leukemia cells. AML therapy will no longer be "one size fits all".
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